Treponema denticola is a dominant microorganism in human periodontal lesions. One of the major virulence factors of this microorganism is its chymotrypsinlike surface protease, dentilisin. The purpose of this study was to evaluate the effect of dentilisin on human polymorphonuclear leukocytes (PMNs). We used chemiluminescence to assess production of O 2 -by PMNs against T. denticola ATCC 35405 and dentilisin deficient mutant K1. T. denticola ATCC 35405 induced production of O 2 -, whereas dentilisin deficient K1 did not. We found that chymostatin, a protease inhibitor, strongly reduced the ability of T. denticola ATCC 35405 to induce production of, O 2 -, whereas K1 was relatively unaffected. We also used
complement serum (Sigma) were used as the complement source.
Six µl of 3.3 M luminol dissolved in dimethyl sulfoxide, 150 μl of PMNs (1.5 x 10 7 cells/ml), and 784 μl of GGVB ＋＋ were mixed and preincubated at 37°C for 30 min. The mixtures, 40 µl of bacteria, 10 μl of 100 mM CaCl ２ , and 10 μl of C5-deficient complement or C3-deficient complement serum were mixed (total assay volume 1 ml) and transferred into chemiluminescence test tubes. Chemiluminescence was measured with an Auto-Lumicounter
Model 1422EX (Microtech-Nichion, Chiba, Japan) at 37°C for 135 min. O 2-production was expressed as relative luminescent units (rlu).
Evaluation of C3 fragmentation
To clarify activation of C3 by dentilisin, we evaluated the level of proteolytic fragmentation of C3 with T. denticola ATCC 35405 and T. denticola K1. C3 at 0.1 μg/μl was incubated at 37°C for 17 h with sonicates of T. denticola at a protein concentration of 5 mg/ml in 100 mM Tris-HCl buffer at pH 8.0. C3 degradation was evaluated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with 10-20% gradient gel (Daiichi Pure Chemicals, Tokyo).
The separated proteins in the gel were blotted onto PVDF membranes and immunostained with goat anti-serum to human complement C3 IgG (MP Biomedicals, Irvine, CA). The C3
antibody immobilized on the membranes was then detected with peroxidase-conjugated rabbit anti-goat IgG (Bio-Rad, Hercules, CA) as described previously [22] .
Measurement of iC3b levels from C3 after treatment with T. denticola
Bacterial cells (1.8 x 10 8 cells/ml), 100 mM CaCl 2 , and C5-deficient complement were incubated at 37°C for 30 min and 60 min. The samples were cooled on ice for one minute and then centrifuged at 1000 x g. The supernatant was stored at -80°C until used. Activation of MMP-9 by dentilisin was evaluated with the Matrix Metalloprotease-9
Biotrak, Activity Assay System (Amersham Bioscience) according to the manufacturer's instructions. Briefly, PMNs were incubated with T. denticola as described above, and after 90 min the culture supernatant was isolated. The samples obtained were cooled on ice for 1 min and stored at -80°C until used. One hundred µl of each sample were incubated at 37°C for 1 h in the provided flat-bottomed microwell. After washing, 50 μl of assay buffer were added and incubated at 37 °C for 1.5 h. After incubation, 50 μl of detection reagent were added. The plate was incubated at 37 °C for 1 h, and increase of absorbance at 450 nm from 0 h to 1 h was evaluated.
Statistical Analysis
Chemiluminescence activity was assessed and compared using the Mann-Whitney U test. The levels of the iC3b activity and MMP-9 were analyzed by repeated measurement One-way ANOVA followed by a Student-Newman-Keuls test.
RESULTS

Enzymatic activity of protease
Dentilisin activity in the sonicates from T. denticola ATCC 35405 and mutant K1 were assayed with SAAPNA. T. denticola ATCC 35405 showed SAAPNA-hydrolyzing activity at 0.768 OD 405 mg protein -1 h -1 , while K1 only showed activity at 0.058 OD 405 /mg protein h.
Chemiluminescence assay
Superoxide (O 2 -) production by PMNs was evaluated with a chemiluminescence assay.
Representative data for T. denticola ATCC 35405 and T. denticola K1 are shown in Fig 1. Peaks of chemiluminescence occurred at 30 min. We found that T. denticola ATCC 35405 induced a significantly higher production of O 2 -than did K1 (p<0.01). The same difference in O 2 -production between T. denticola ATCC 35405 and K1 was observed in the PMNs obtained from all three donors.
To investigate the activation of complement by dentilisin, evaluation of superoxide production from PMN by T. denticola was performed after treatment with protease inhibitors.
Chemiluminescent activity with T. denticola ATCC 35405 decreased to 36.4% after treatment with chymostatin for 30 min. That with T. denticola K1 showed about 10% after treatment, as shown in Table 1 .
Analysis of C3 proteolytic activation
Hydrolysis of C3 by dentilisin was evaluated by incubation of C3 with T. denticola ATCC 35405 and K1. The results of SDS-PAGE and immunoblot after incubation are shown in Fig 2. A 110 KDa C3 α-chain band was hydrolyzed into 37 KDa and 35.5 KDa bands after incubation with T. denticola ATCC 35405; in contrast, no change was seen in this band in the C3 when incubated with mutant K1. To determine whether this activation was directly caused by the splitting of C3 into C3b, a chemiluminescence assay was performed using C3-deficient serum. As shown in Fig. 3 , activation of PMNs by T. denticola ATCC 35405 was at almost the same level as that with T. denticola K1.
To determine activation of C3 by dentilisin, we evaluated production of iC3b using an iC3b ELISA kit. The results are shown in Fig 4. We found that generation of iC3b was significantly higher with T. denticola ATCC 35405 than with mutant K1 (p<0.01). To confirm the involvement of dentilisin, the effect of a protease inhibitor was investigated. In the presence of the protease inhibitor, chymostatin, production of iC3b was reduced from 12.20 + 
Release of PMN-proteinases during phagocytosis
To evaluate the activation of PMNs by T. denticola, we measured release of MMP-9. As shown Fig 5 the culture supernatant of PMNs incubated with T. denticola contained significantly higher MMP-9 than that incubated with mutant K1 from 30 min to 120 min (p<0.01). The activity of MMP-9 after exposure to T. denticola was also investigated. As shown in Fig. 6 , activation of MMP-9 by exposure to T. denticola was confirmed, and this activity was significantly reduced by chymostatin.
Discussion
The present study demonstrated that T. denticola dentilisin is capable of activating complement. Significant differences were found in the production of superoxide and release of MMP-9 between T. denticola ATCC 35405 and K1. Treatment with protease inhibitor chymostatin induced a reduction in production of O 2 -, iC3b production and active MMP production. These results implicate dentilisin in the activation of PMNs via activation of complement. They suggest that enhancement of chemiluminescence was caused by activation of complement.
C3b is a key factor in opsonization [15] . Phagocytes bear receptors on their surfaces that are specifically reactive with C3b and contribute to enhanced opsonization of foreign particles [25] . Our immunoblot analysis demonstrated that T. denticola ATCC 35405 hydrolyzed the α-chain of C3, and that K1 did not. C3a and C3b are generated by degradation of C3 and by activation of complement [14] . We confirmed that iC3b was produced from C3 by wild type T.
denticola. iC3b has the ability to bind complement receptor type 3 (CR3) [26] . CR3 is expressed on the plasma membrane of mammalian PMNs, most mononuclear phagocytes and natural killer cells, and contributes to opsonization. These results indicate that T. denticola dentilisin hydrolizes C3 and activates PMNs via a complement pathway, producing the C3-derived iC3b.
In the present study, chemiluminescence and complement analysis were performed in the absence of any specific antibody. Specific antibodies have a major impact on the susceptibility of bacteria to phagocytosis, and enhance opsonization. In our preliminary results, enhancement of opsonization was also low in mutant K1 compared with wild type strain in the presence of antibody. Our results show that dentilisin generated iC3b, and that this generation was significantly reduced by chymostatin. Shenkein et al. [27] suggested C3 activation by accumulation of C3 component on the surface of T. denticola strains TD2 and FM. The results in the present study agree with that report. It has been reported that the lipoproteins of T. denticola enhanced chemiluminescence [28] and that PMNs were activated by the Msp of T.
denticola [17, 18, 21] . Our results indicate that, in addition to with other stimulants such as Msp, this microorganism activates PMNs with dentilisin via activation of complement.
In the present study, PMNs were activated by dentilisin. It has been reported that T. denticola adheres to PMNs and is ingested into phagosomes [18, 21] . Observations indicate that phagocytosed treponemes remain inside the phagosome, even after 60 min [21] . It has been suggested that the humoral immune response to T. denticola is not capable of resolving T. denticola infection [29] , and it has also been shown that mouse antibody against T. denticola only slowed initial T. denticola replication and did not alter the maximum growth in vitro. In our preliminary results, growth of T. denticola ATCC 35405 over a two-day period after treatment with PMNs and complement was almost the same as that when not treated with PMNs or complement (data not shown). It is possible that, while T. denticola activates PMNs, killing of the microorganism is attenuated.
Dentilisin activated the production of reactive oxygen and released MMP-9 from PMNs.
Released MMP-9 possessed activity, and this release was significantly reduced by chymostatin.
Uncontrolled releases of reactive oxygen radicals and proteinases from neutrophils are known to cause cell injury [14, 15, 30, 31] . Following stimulation by bacterial antigens, PMNs produce O 2 -via the metabolic pathway of the 'respiratory burst' catalyzed by NADPH oxidase during phagocytosis. O 2 -is released into the phagosomal space and also into the extracellular environment [30] . It has been suggested that reactive oxygens such as O 2 -and H 2 O 2 play a role in the activation of osteoclasts, in addition to their bactericidal function [32] . It has also been demonstrated that reactive oxygen molecules are capable of activating latent PMN collagenase in gingival crevices [33, 34] and damaging connective tissues as part of the pathology of periodontal disease. It has also been reported that reactive oxygen degrades components of the extracellular matrix [30] . Furthermore, it has been demonstrated that MMP-2 and MMP-9 are capable of damaging connective tissues as part of the pathology of periodontal disease [35] .
Our previous results have indicated that the protease mutant forms significantly smaller lesions in mice than does the wild type [24] . Further study is needed to elucidate the role of the activation of PMNs by dentilisin in colonization by T. denticola and inflammation of periodontal tissue.
Taken together, these results indicate that the activation of production of reactive oxygen and MMP-9 by T. denticola dentilisin may be involved in the process of progressive breakdown of periodontal tissues. The present findings of this study support a new virulence profile for T.
denticola. Figure 2 
